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Samples of La0.4Bi0.6Mn1xTixO3 have been prepared and their microstructure, composition, and
magnetic properties have been investigated for x¼ 0.05, 0.1, and 0.5.The deviation in the inverse
susceptibility behavior from Curie-Weiss law and increase in susceptibility exponent indicates the
evolution of the Griffith’s phase in La0.4Bi0.6Mn1xTixO3 around TC. The presence of Griffith’s
Phase is inferred due to magnetic frustration with increasing Ti concentration. The deviation
between field cooled and zero field cooled magnetization curves is observed in these samples and
is attributed to the appearance of the spin glass or cluster glass state that arises due to the magnetic
anisotropy.VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4861205]
INTRODUCTION
Perovskite manganite oxides have attracted considerable
attention due to their interesting magnetic ordering and their
potential for applications in information storage, such as in
spintronic devices and sensors.1,2 In recent years, the obser-
vation of a Griffith’s phase (GP)3 in a number of doped
Perovskite manganite oxides4 has been reported and is quite
interesting. According to Griffith’s theory, there is always a
finite probability of finding ferromagnetic (FM) clusters with
randomly distributed spin [i.e., in paramagnetic (PM) state]
in the temperature range TC  T  TG, where TC and TG are
Curie-Weiss temperature and Griffith’s temperature, respec-
tively. Bray5 extended this explanation to a bond distribution
that reduces transition temperature, naming the phase
between TC and TG, the GP. Thus, GP is the region between
the completely ordered states above TC and the disordered
state below TG. This is the region of PM phase, where FM
clusters are formed.
In the completely ordered states below TC, the spins are
ferromagnetically coupled and the temperature dependence
of inverse susceptibility (v1) generally follows Curie-Weiss
law; v1 ¼ C/T  h and shows linear behaviour in the PM
region. Here, h is the Curie temperature and C is the Curie
constant. The GP is typically characterized by a downward
deviation from the Curie-Weiss PM behavior in v1 as the
temperature approaches TC from above. The deviation from
Curie-Weiss law in the PM phase can occur due to the
increase in magnetic moment arising from the growth of FM
spin clusters in the PM region, it then follows the power law
relation;6 v1 ¼ (T  TRC)1k (0 < k  1). The power law
behavior is a generalized Curie-Weiss law, where the suscep-
tibility exponent k is a measure of deviation from true
Curie-Weiss law and TRC which is defined as the characteris-
tic critical temperature of a random ferromagnet.7,8
In this paper, we have analyzed the inverse dc suscepti-
bility (v1) in polycrystalline perovskite manganite oxide
La0.4Bi0.6Mn1xTixO3 with x¼ 0.05, 0.1, and 0.5 and the
occurrence of the GP is studied. The doping of Ti at Mn site
in La0.4Bi0.6MnO3 is of particular interest due to the ionic
radii of Ti4þ (0.605 A0), which lies in between the ionic radii
of the Mn3þ (0.64 A0) and Mn4þ (0.54 A0). The deviation in
zero field cooled and field cooled was observed and
discussed.
RESULTAND DISCUSSION
Samples of polycrystalline perovskite manganite oxide
La0.4Bi0.6Mn1xTixO3 (x¼ 0.05, 0.1, and 0.5) were synthe-
sized using conventional solid state reaction method.9 All
the samples were grown as a single phase which was
inferred from X-Ray diffraction data reported elsewhere.10
Microstructure and composition analysis were carried
out using Scanning Electron Microscopy (SEM) and
Energy Dispersive X-ray Spectroscopy (EDS), respectively.
Figure 1 shows the SEM results of all the compositions
under study. The micrograph of the parent sample shows
that the grains of the samples are distinct and have well
defined boundaries. The sample with x¼ 0.05 had cubic
shape grains (Figure 1(a)). For x¼ 0.1, the grains became
irregular fractured shapes (Figure 1(b)). For x¼ 0.5, an
agglomeration of the grains takes place (Figure 1(c)). We
observed here that the grain size decreases with increase in
Ti concentration. This behaviour can be attributed to strain
induced in the system because of Ti, which blocks the
growth of grains. The quantitative analysis of all the com-
positions from EDS analysis taken on one full grain is given
in Table I. We found that all the samples contain all the
compositional elements close to the desired values.
The zero field cooled (ZFC) and field cooled (FC) DC
magnetization measurement has been carried out at 500Oe
with temperature measured down to 10K using a SQUID
magnetometer as shown in Figure 2(a). We observe here that
magnetization decreases with increasing Ti content. A typi-
cal maximum exists in the ZFC curve (TB, the blocking tem-
perature) and at lower temperature ZFC and FC curves
diverge significantly for all three samples. This confirms the
a)Author to whom correspondence should be addressed. Electronic mail:
drvldayal@gmail.com.
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thermomagnetic irreversibility in all the samples. We
observed here that TB shifts to lower temperature with
increase in Ti substitution and it is found to be 35K, 31K,
and 30K for x¼ 0.05, 0.1, and 0.5, respectively. The irre-
versible temperature (Tirr) defined as the temperature below
which MZFC departs from MFC and is found to be 35.7K,
40.6K, and 40K with x¼ 0.05, 0.1, and 0.5, respectively,
below which large bifurcation starts to occur. Further, we
have plotted DM ¼ MFC  MZFC as a function of tempera-
ture which vanishes near Tirr as shown in Figure 2(b). The
plot shows linear behaviour in the temperature range from
Tirr down to low temperature. Also DM increases with
increasing Ti content. This confirms that thermomagnetic
irreversibility increases with increasing Ti content.
Moreover, the drop of ZFC magnetization with the decrease
of temperature at the low temperature regime and also the
strong irreversibility between ZFC and FC magnetization
curves for these samples demonstrate the signature of strong
anisotropy (disorder) in the system. The phenomenon of the
deviation between FC and ZFC magnetization curves is usu-
ally ascribed to the appearance of the spin glass or cluster
glass state which arises due to magnetic anisotropy.11 These
can be understood as; when the grain size of a system is
reduced, the grain surface region is enhanced compared to
interior of the grain mainly due to enhanced surface to vol-
ume ratio. At the grain surface, due to the presence of large
number of cluster formation, the long range FM order is dis-
turbed and uncompensated spins start to account for large
irreversibility.12 Increase of the net moment of the grains
due to the destabilization of the long range FM order at the
surface in these systems is strongly dominated by inhomoge-
neous clusters. Therefore, the decrease in grain size also
gives rise to TB below which the thermal energy cannot over-
come the magnetic anisotropy.
The inverse DC susceptibility (v1) curve is extracted
from DC magnetization measurement with temperature for
all the samples and is presented in Figure 3. The curves are
fitted with Curie-Weiss law for all the samples given by the
equation
vdc ¼ Nl0l2eff=3KB T hCWð Þ; (1)
where N is the calculated value for the number of formula
unit (F.U.), leff is the effective magnetic moment/F.U., hCW
is the Curie-Weiss temperature, and KB is Boltzmann’s
constant.
The estimated values of hCW obtained by fitting the PM
region for v1DC vs. temperature along with other obtained pa-
rameters are shown in Table II. A linear fit was obtained above
TC for the composition with x¼ 0.05 and 0.1 in accordance
with the Curie-Weiss law. Whereas for composition with
x¼ 0.5, a linear fit is obtained well above TG, where v1DC
shows a downturn with decreasing temperature, indicating the
presence of GP in the temperature range TC  T  TG.
Further, we have analyzed v1DC (T) using power law relation
v1¼ (TTRC)1k to investigate the strengthening of
FIG. 1. SEM images from broken pellet at 100 lm resolution for (a) x¼ 0.05, (b) x¼ 0.1, and (c) x¼ 0.5.
TABLE I. Compositions (%) obtained from EDS.
x¼ 0.05 x¼ 0.1 x¼ 0.5
Elements Line type wt.% at.% wt.% at.% wt.% at.%
La L 22.55 9.05 22.74 9.63 19.28 7.63
Bi M 41.44 11.05 43.29 12.19 45.28 11.91
Mn K 17.81 18.07 17.08 18.29 8.77 8.77
Ti K 0.69 0.81 0.90 1.10 8.70 9.97
O K 17.51 61.02 15.99 58.79 17.97 61.72
Total 100 100 100 100 100 100
FIG. 2. (a) Zero field cooled and Field
cooled DC magnetization measure-
ment at 500Oe. (b) Plot of DM¼MFC
 MZFC vs. temperature for all the
samples is shown.
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Griffith’s Phase with Ti doping. The characteristic temperature
TRC has been obtained from fitting the v
1
DC vs. temperature
in Griffith’s regime. The values of k obtained, which are
non-zero and <1 substantiate the presence of GP.13 The value
of k increases with increase in Ti implies the evolution or
strengthening of GP phase with doping. As we have observed
the magnetization decrease and the thermo-magnetic irreversi-
bility increased (near TC) with increasing Ti. These facts
suggest that the size of the FM clusters decreases near TC and
that leads to the evolution of GP.
CONCLUSION
The evolution of Griffith’s phase with doping of Ti
(a non magnetic ion) at the Mn sites of La0.4Bi0.6MnO3 was
systematically studied. The increase in the value of suscepti-
bility exponent (k) with increasing Ti suggests the strength-
ening of the Griffith’s phase in the system. The presence of
Griffith’s phase due to magnetic in-homogeneity near TC has
been explained.
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FIG. 3. Temperature dependent inverse Susceptibility for Ti doped samples
is shown. Solid red line corresponds to Power Law-Modified Curie-Weiss fit
and solid blue line Curie-Weiss fit. The insets show log (v1DC) vs. log
T/TRC  1) plots under H¼ 500Oe, where the solid lines (pink) are the lin-
ear fittings.
TABLE II. Contains fitted parameters from Figure 3.
Sample leff (lB/F.U.) TC (K) T
R
C (K) hCW (K) k
x¼ 0.05 5.6 45 19 70.22 0.0166 0.001
x¼ 0.1 3 45 13 69.76 0.0906 0.005
x¼ 0.5 1.5 40 18 07.80 0.1306 0.004
17E111-3 Dayal et al. J. Appl. Phys. 115, 17E111 (2014)
 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
129.186.176.91 On: Mon, 04 Aug 2014 22:41:01
